INTRODUCTION {#sec0005}
============

A synthetic version (exendin-4, or Exenatide) of the endogenous glucagon-like peptide-1 (GLP-1) is currently used as medication for type II diabetes, regulating insulin secretion and glucose metabolism. GLP-1 receptors are widely expressed in the brain, with high levels in the hypothalamus and brainstem \[[@ref001]\] and are known to regulate appetite and promote satiety \[[@ref002]\]. The neurobiological effects of exendin-4 are still being characterized. Exendin-4 readily passes the blood-brain barrier \[[@ref003]\] and increases neurogenesis in rodents, as well as modulates synaptic transmission in the subventricular zone and dentate gyrus of the hippocampus \[[@ref004]\]. In addition, it is known that exendin-4 has neuroprotective properties, as it protects dopaminergic neurons in Parkinson's disease (PD) rodent models \[[@ref007]\] and preserves synaptic plasticity in the hippocampus in animal models of Alzheimer's disease (AD) \[[@ref009]\]. Exendin-4 is also thought to exert anti-inflammatory effects in the central nervous system (CNS), such as suppress the production of the cytokines tumor necrosis factor-α (TNF-α), interleukin-1 β (IL-1β) and the inducible nitric oxide synthase (iNOS) \[[@ref008]\] although the precise underlying mechanisms are not well characterized \[[@ref014]\]. Importantly, the reports of an anti-inflammatory effects of exendin-4 in the brain are derived from studies in animal models involving neurodegeneration, e.g. stroke, direct intracerebral injection of lipopolysaccharide (LPS) or systemic injections of the neurotoxin MPTP \[[@ref013]\].

Currently, exendin-4 is being tested in clinical trials for both Alzheimer's and PD \[[@ref018]\]. Results from an initial, single-blinded study in PD suggest that exendin-4 reduces rate of motor and cognitive deterioration following a one year treatment period \[[@ref020]\] and that this effect is sustained for at least an additional year following cessation of treatment \[[@ref021]\]. Therefore, exendin-4 was recently tested in a recently completed Phase II trial in PD, where the results are still pending \[[@ref019]\]. Immune system activation has been suggested to contribute to both PD \[[@ref022]\] and depression \[[@ref023]\]. Patients with clinical depression exhibit increased levels of cytokines in the blood and microglial activation \[[@ref025]\]. Similarly, patients with PD exhibit signs of inflammation in post-mortem brain tissue \[[@ref027]\], and primarily non-motor symptoms of PD are closely related to the levels of inflammation in blood and cerebrospinal fluid \[[@ref028]\]. In PD, it is possible that neuroinflammation, regardless of whether it is a primary trigger of the disease or a bystander effect of neurodegeneration, contributes to depressive symptoms \[[@ref028]\].

In this study, we sought to investigate the potential anti-inflammatory effects of exendin-4 on the CNS independent of neurodegeneration. We utilized a peripheral challenge with endotoxin (lipopolysaccharide, LPS) that is known to establish transient inflammation in the CNS without causing acute neuronal death in the brain. LPS at the same or higher doses than the one given here can induce *long-term* neurodegeneration, as rat pups given 1-2 mg/kg body weight LPS show evidence of neurodegeneration around 3 months later \[[@ref029]\]. Mice that are given 5 mg/kg LPS ip do not show any loss of dopaminergic neurons over the first four months after injection, whereas the tyrosine hydroxylase (TH)-positive cell loss became manifest at 7 months post-injection \[[@ref030]\]. We hypothesized that in our model, exendin-4 treatment would reduce neuroinflammation as well as ameliorate the associated sickness behavior and depressive-like symptoms resulting from the peripheral LPS injection.

EXPERIMENTAL PROCEDURES {#sec0010}
=======================

Experimental outline {#sec0015}
--------------------

All procedures were performed in accordance with national laws and were approved by the Regional Animal Ethics Committee in Malmö/Lund, Sweden. In these experiments, we used male Wistar rats (Harland, Sweden) weighing around 200 g, housed in groups of three. We allowed the animals to acclimatize for at least five days before treatment with exendin-4 (Sigma, Germany) or vehicle (0.1 % BSA in saline), and with LPS (Sigma, Germany) or saline. The treatment groups were as follows: Vehicle + Saline (Control), Vehicle + LPS (LPS), Exendin-4 + Saline (Ex4) and Exendin-4 + LPS (LPS + Ex4) (*n* = 12 animals/group). We gave exendin-4 (0.5 μg/mL/kg) to the rats or vehicle i.p. once daily for five days ([Fig. 1](#jpd-7-jpd171068-g001){ref-type="fig"}). This dose was selected based on a previous study \[[@ref008]\]. On day three and four, the animals also received LPS (1 mg/mL/kg) or saline injections (i.p.) one hour after the exendin-4/vehicle injection. The dose of LPS was selected based on previous LPS experiments inducing brain inflammation and depressive-like behavior \[[@ref031]\]. To assess LPS-induced sickness behavior, we scored stillness in the home cage, one hour and 24 hours after the LPS injection. On day five, after the last exendin-4/vehicle injection and after the last session of stillness assessment, we analyzed the animals for depressive-like behavior (despair) with forced swim test (FST). After the behavioral tests, we terminally anesthetized the animals with sodium pentobarbital (60 mg/kg, i.p.). Cerebrospinal fluid (CSF) was collected with transcutaneous cisterna magna puncture and blood by cardiac puncture. Brain tissue were collected from prefrontal cortex, dorsal striatum and hippocampus. The CSF and brain tissue were snap-frozen and stored at -- 80°C. We kept the blood at room temperature for 30 min and then on ice for 1 h prior to serum collection. Serum was collected following centrifugation (10 min; 1300 g; 4°C) and stored at -- 80°C. Glucose levels in the serum were assessed using HemoCue Glucose 201 apparatus (HemoCue A, Sweden).

![Schematic illustration of the study design.](jpd-7-jpd171068-g001){#jpd-7-jpd171068-g001}

Sickness behavior and weight loss {#sec0020}
---------------------------------

To confirm that LPS induced sickness behavior, and subsequently that this had ceased at the time-point when we evaluated depressive- and anxious-like behaviors, we assessed activity of the rats one hour after each LPS injection and 24 hours after the last LPS injection \[[@ref032]\]. The rats were individually placed into a novel cage and assessed blindly every five seconds over 5 consecutive minutes (in total 60 periods). Each period a rat sat motionless, not performing any grooming or rearing, was counted as a period of stillness. Due to sickness, rats lose weight following the first LPS injection. The LPS treated rats that did not lose any significant weight, and did not exhibit increased stillness compared to the vehicle/saline treated group, were excluded from further analysis (*n* = 3 \[LPS\]). Twenty-four hours after the last LPS injection, rats are expected to have recovered from sickness behavior and to have regained normal locomotor activity. One rat did not recover from LPS (*n* = 1 \[LPS + Ex4\]), and two rats from the control group showed health complications due to the i.p. injections and showed abnormal levels of stillness; they were excluded from further analysis (*n* = 1 \[Control\], *n* = 1 \[LPS\]).

Forced swim test {#sec0025}
----------------

One hour after elevated plus maze, we analyzed the rats for depressive-like behavior (despair) in FST. The animals were placed in a Plexiglas cylinder (height: 70 cm, diameter: 30 cm) filled with water over the 30 cm level at a temperature of 23±1°C and videotaped for seven minutes. The last four minutes were blindly analyzed for every 5 s period. The modified version of the Porsolt swim test employed here has been described previously \[[@ref033]\]. The predominant behavior during each period was recorded as swimming, climbing, or floating. Rats were classified as immobile when they remained floating motionless in the water, making only movements necessary to keep their head above water. Swimming was defined as horizontal movements throughout the cylinder and climbing was defined as vertical movements against the wall.

Analysis of monoamines {#sec0030}
----------------------

We analyzed the levels of serotonin, dopamine, and their respective metabolites; 5-hydroxyindoleacetic acid (5-HIAA), and 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), in the prefrontal cortex and striatum using high-performance liquid chromatography (HLPC) with electrochemical detection as previously described \[[@ref034]\]. Brain tissue was homogenized using an ultrasonic tissue homogenizer (Biologics, Gainesville, VA) in an antioxidant solution (0.4 N perchlorate, 1.34 mM ethylenediaminetetraacetic acid and 0.53 mM sodium metabisulfite). The suspension was spun down (14,000 g, 20 min, 4°C) and supernatants collected. Samples were separated on a Microsorb MV C-18 column (5 μm, 4.6×250 mm^2^, Varian, Walnut Creek, CA). Unknown samples were quantified against a six-point standard curve with a minimum *r*^2^ of 0.97. Quality control samples were interspersed with each run to ensure HPLC calibration. The analysis failed to measure monoamines in two samples of striatum and one sample of prefrontal cortex (total *n* in each group for measurements indicated in [Table 1](#jpd-7-jpd171068-t001){ref-type="table"}).

###### 

The levels (ng/mg protein; mean±SD) of dopamine (DA), 3,4-dihydroxyphenyl-acetic acid (DOPAC), homovanillic acid (HVA), serotonin (5-HT) and 5-hydroxyindoleacetic acid (5-HIAA) in the prefrontal cortex (PFC) and striatum of the experimental groups. \*indicates one measurement less due to method failure in some samples

  Brain      Analyte             Vehicle          LPS          Exendin4     LPS + Exendin4  Two-way ANOVA,
  ---------- ---------------- -------------- -------------- -------------- ---------------- -----------------------------------------------------------
  PFC        DA                 0.86±0.33      0.79±0.31      0.78±0.23       0.94±0.14     unaltered
             DOPAC              0.17±0.14      0.17±0.07      0.13±0.07       0.21±0.05     unaltered
             HVA                0.21±0.29      0.33±0.16      0.18±0.25       0.37±0.21     unaltered
             5-HT               6.88±1.00      7.19±1.63      7.48±1.66       7.32±1.19     unaltered
             5-HIAA             6.70±0.82      6.88±1.38      6.11±1.57       7.03±2.43     unaltered
             DOPAC/DA ratio     0.19±0.10      0.23±0.10      0.16±0.05       0.22±0.05     Significant increasing effect of LPS, *p* = 0.026
             HVA/DA ratio       0.22±0.31      0.39±0.22      0.18±0.25       0.39±0.21     Significant increasing effect of LPS, *p* = 0.03
  Striatum   DA                154.02±22.32   160.12±20.24   164.28±33.40   184.22±28.17\*  Trend towards increasing effect of Exendin-4, *p* = 0.059
             DOPAC              14.50±2.84     16.32±2.28     15.09±3.38     16.21±1.99\*   unaltered
             HVA                10.89±1.85     12.42±2.56     11.06±2.83     14.04±3.66\*   Significant increasing effect of LPS, *p* = 0.017
             5-HT               7.95±1.23      7.10±1.35      6.77±1.53      7.00±3.30\*    unaltered
             5-HIAA             13.35±1.27     14.20±3.89     11.64±2.80     14.69±5.52\*   Significant increasing effect of LPS, *p* = 0.047
             DOPAC/DA ratio     0.095±0.02    0.1028±0.01    0.0923±0.01    0.0892±0.01\*   Trend towards decreasing effect of Exendin-4, *p* = 0.1
             HVA/DA ratio       0.071±0.00     0.077±0.01     0.067±0.01     0.076\*±0.01   Significant increasing effect of LPS, *p* = 0.031

Cytokine protein level assay {#sec0035}
----------------------------

We quantified the CSF levels of IL-1β and TNF-α, serum levels of IL-1β, and supernatant (cell media) levels of IL-1β and TNF-α from cell cultures by electrochemiluminescence in a SECTOR SI6000 imager (Meso-Scale Discovery, USA) following the manufacturer's instructions. CSF from six animals were not used because of insufficient amounts. Discovery Workbench software (Meso-Scale Discovery) was used to compute the results. Samples were analyzed in duplicates and the mean was used for statistical analysis. All reported values were above detection limit. Detection limits: IL-1β \[CSF\] = 8.72 pg/mL; TNF-α \[serum\] = 1.27 pg/mL; IL-1β \[serum\] = 9.11 pg/mL; IL-1β \[cell culture\] = 24.5 pg/mL and TNF-α \[cell culture\] = 8.16 pg/mL.

Quantification of cytokine mRNA expression {#sec0040}
------------------------------------------

Brain tissue from striatum, prefrontal cortex, and hippocampus was homogenized with Trizol reagent followed by RNA isolation with RNeasy mini kit according to the manufacturer's instructions with the addition of a DNA digestion step (DNase) (Qiagen, Germany). Total RNA was transcribed to cDNA using Super-Script III (Invitrogen, Sweden).

In prefrontal cortex and hippocampus, the expression of IL-1β and TNF-α was analyzed with RT qPCR on a C1000 thermal cycler with CFX 96 real-time system (Bio-Rad, Sweden) using Maxima SYBR Green qPCR Mix (Fermentas, Sweden) with β-actin and Hprt1 as the control genes. Primer sequences for IL-1β and TNF-α have been described previously, \[[@ref035]\], as well as primers for the control genes, \[[@ref036]\]. The PCR program had an initial hot start for 5 min at 95°C followed by 40 cycles with a denaturing step of 15 s, a 30 s annealing step at 55°C and an extension step of 30 s at 72°C. For the melt curve, samples were initially heated to 95°C for 1 min and then cooled for 1 min at 55°C followed by 10 s increments of 0.5°C with the temperature increasing from 55°C to 95°C. All samples were run in triplicates and data were analyzed using the Pfaffl method. For striatum, the PCR reactions were carried out with TaqMan Universal MasterMix (ABI, Carlsbad, CA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an endogenous control (Rn99999916_s1, ABI, Carlsbad, CA). Analysis of relative gene expression was carried out using the 2^-*ΔΔCT*^ method.

Adult primary microglia cultures {#sec0045}
--------------------------------

### Cell culture {#sec0050}

A rat (weighing around 200 g) was anesthetized with pentobarbital and perfused (transcardiac perfusion) with HBSS w/o (Life Technologies, Sweden). Cerebellum and hindbrain were removed and the remainder was cut into small pieces followed by centrifugation (300 g; 2 min; RT) in HBSS w/o. The pellet was enzymatically homogenized with a pre-heated enzyme mix (37°C) containing papain (Neural Tissue Dissociation Kit, Miltenyi Biotec, Fisher Scientific, Sweden). After 5 min incubation at 37°C, the tissue was dissociated mechanically by pipetting. This was followed by addition of DNase (Neural Tissue Dissociation Kit, Miltenyi Biotec, Fisher Scientific, Sweden). The tissue was further dissociated with fire-polished Pasteur pipettes of decreasing diameter and incubated in a water bath for a maximum time of 30 min with enzymes. The suspension was filtered through a 70 μm cell strainer to obtain a single cell suspension, next centrifuged (300 g; 8 min; RT) in regular HBSS. To eliminate debris, the pellet was re-suspended in 8 mL 20% isotonic Percoll (Sigma Aldrich, Stockholm Sweden) with 2 mL HBSS on top. Following centrifugation (400 g; 25 min; 22°C) the pellet was washed and re-suspended in sorting buffer containing HBSS, EDTA (Sigma Aldrich, Sweden), HEPES and 5% FBS (Sigma Aldrich, Sweden). Parenchymal microglia were isolated by fluorescence activated cell sorting (FACS) as described below. The acquired cells were finally re-suspended in culture media (DMEM + high glucose + HEPES (Sigma Aldrich, Sweden), 10 % FBS) and distributed into a Poly-L-Lysine (PLL) (Sigma Aldrich, Sweden) coated 96-well plate (75 000 cells/well). Cells were treated with 2 μM (8.34 μg/mL) and 12 μM (50.21 μg/mL) of exendin-4. After 1 hour of incubation with exendin-4, 2 μg/mL LPS (Sigma Aldrich, Sweden) were added. After 24 hours of incubation, the supernatant was centrifuged (400 g; 4 min; 4°C), aliquoted and stored in -- 80°C. The experiment was repeated three times.

### Fluorescence-activated cell sorting {#sec0055}

Antibodies targeting CD11b/c (OX-42, FITC conjugated, BD \#554861) and CD45 (OX-1, R-Phycoerythrin and Alexa Fluor 750 conjugated, AbD Serotec \#MCA43P750) were added to the single cell suspensions (after Percoll gradient centrifugation) which were then incubated for 15 minutes at + 4°C. Centrifugation (300 g; 5 min; 4°C) was performed to remove excess antibodies and the pellet was resuspended in sorting buffer. Parenchymal microglia were isolated by FACS (BD FACS Aria III) and based on their characteristic expression of CD11b/c and CD45 (CD11b/c + CD45^low^, [Fig. 2](#jpd-7-jpd171068-g002){ref-type="fig"}) \[[@ref037]\].

![Separation of rat microglial cell used in the experiment where LPS and exendin-4 were added to cell cultures. Gating of the cell sorting with CD11b/c^+^CD45^low/medium^ (parenchymal microglia) in Q1, CD11b/c^+^CD45^high^ in Q2 (macrophages, perivascular microglia), CD11b/c^-^CD45^low^ in Q3 and CD11b/c^-^CD45^high^ in Q4.](jpd-7-jpd171068-g002){#jpd-7-jpd171068-g002}

### Cell viability {#sec0060}

After a 6-hour incubation, the percentage of surviving cells was measured with a high content screening platform (Cellomics^TM^, ArrayScan VTI HCS Reader, Thermo Scientific). The cells nuclei were stained with H342 (Sigma Aldrich, Sweden) (1.25 μg/mL) and propidium iodide (PI) (Sigma Aldrich, Sweden) (0.5%). The percentages of PI-positive cells were measured.

Statistical analysis {#sec0065}
--------------------

The statistical analysis was performed using SPSS Statistics 21 (IBM, US). When applicable, the effects of the drug treatments (LPS and exendin-4) on animal behavior and on levels of analytes were analyzed with two-way ANOVA. In case of interaction effects; these were further characterized with simple effects analysis. Cell culture data was analyzed with one-way ANOVA. The CSF cytokine levels were analyzed with Student's *t*-test. Spearman's rho was used for correlation analysis. Alpha-level of significance was set at *p* = 0.05.

RESULTS {#sec0070}
=======

Effects on Inflammation {#sec0075}
-----------------------

### Effects on inflammation in the CNS and periphery {#sec0080}

The LPS-treated rats displayed an ongoing inflammation in the CSF and brain tissue at 24 hours after the last LPS injection. The protein levels of TNF-α and IL-1β were significantly increased in the CSF of LPS treated rats [Fig. 3(A)and (B)](#jpd-7-jpd171068-g003){ref-type="fig"}. At this time-point, there were no differences in the serum levels of IL-1β between the groups (two-way ANOVA, NS).

![(A-B) The levels of cytokines in CSF (pg/mL). The LPS-treated rats exhibited higher levels IL-1β (A) and TNF-α (B), but exendin-4 treatment had no effect on cytokine levels (Student's *t*-tests, NS). Non-LPS treated rats were below detection limit. CSF from six animals were not used because of insufficient amounts (*n* = 1 \[Control\], *n* = 2 \[LPS\], *n* = 3 \[LPS+Ex4\]). (C) The mRNA expression of IL-1β in the striatum. The IL-1β expression was higher in LPS treated rats but was not affected by exendin-4 treatment (two-way ANOVA, LPS effect, F~(1,38)~ = 44.04, *p* \< 0.001). Bars represent the mean±SEM, ^\*\*\*^*p* \< 0.001.](jpd-7-jpd171068-g003){#jpd-7-jpd171068-g003}

LPS treatment increased the expression of IL-1β mRNA in all three brain regions analyzed, striatum (F~(1,38)~ = 44.04, *p* \< 0.001, two-way ANOVA), [Fig. 3(C)](#jpd-7-jpd171068-g003){ref-type="fig"}, prefrontal cortex (F~(1,17)~ = 10.04, *p* \< 0.01), and hippocampus (F~(1,27)~ = 24.20, *p* \< 0.001). In contrast, there was no effect of LPS on TNF-α mRNA levels in any of the three regions (NS).

Exendin-4 did not have an effect on cytokine levels in the CSF, serum or mRNA expression in any of the three brain regions investigated (two-way ANOVA, NS).

Finally, there were no significant differences in glucose levels in the serum between groups related to exendin-4 treatment (two-way ANOVA, NS). The glucose levels were similar in the four different groups.

### Cytokine levels from LPS-treated adult primary microglia cell cultures {#sec0085}

Incubation with exendin-4 (2 μM and 12 μM) did not affect cytokine production from rat primary microglial cells cultured in LPS. No significant difference in IL-1β or TNF-α levels was observed following 24-hour incubation (Student's *t*-tests, NS), [Fig. 4(A) and (B)](#jpd-7-jpd171068-g004){ref-type="fig"}. There were no significant differences in cell death (% PI positive cells) between groups after 6-hour incubation confirming that differences in cell viability/numbers did not influence the results (NS).

![(A-B) The levels of cytokines in supernatants from adult primary microglia cell cultures. The cell cultures were treated with LPS (2 μg/mL) and exendin-4 (2 μM and 12 μM) and incubated for 24 hours (*n* = 3). No significant difference in the levels of IL-1β and TNF-α could be observed between the groups, (one-way ANOVA, NS). The IL-1β levels in the control group were below detection range. Bars represent the mean±SEM.](jpd-7-jpd171068-g004){#jpd-7-jpd171068-g004}

Effects on behavior {#sec0090}
-------------------

### LPS-induced sickness behavior and general motor activity {#sec0095}

Rats displayed sickness behavior one hour after first LPS injection, as confirmed by significantly increased stillness in the LPS treated rats (F~(1,38)~ = 473.87, *p* \< 0.001, two-way ANOVA), [Fig. 5](#jpd-7-jpd171068-g005){ref-type="fig"}. One day after the injection, the LPS treated rats lost 28.6 grams in weight (mean value) compared to 6.4 grams of weight gain in saline treated rats. Exendin-4 treatments did not affect weight (two-way ANOVA, NS). The rats also displayed sickness behavior after the second LPS injection (F~(1,38)~ = 129.72, *p* \< 0.001). At 24 hours after the second LPS injection there was no significant difference in stillness between groups. Thus, acute sickness behavior had ceased as expected 24 hours after the last LPS injection. Exendin-4 did not have any effect on sickness behavior (NS).

![The number of periods a rat sat motionless (stillness). One hour after first LPS injection all LPS treated rats showed increased stillness, two-way ANOVA, F~(1,38)~ = 473.87, *p* \< 0.001 (day 3). Again, one hour after the second LPS injection, all LPS-treated rats showed increased stillness, two-way ANOVA, F~(1,38)~ = 129.72, *p* \< 0.001 (day 4). At 24 hours after the second LPS injection, all LPS-treated rats recovered and no significant difference in stillness was seen between groups, two-way ANOVA, NS (day 5). Bars represent the mean±SEM.](jpd-7-jpd171068-g005){#jpd-7-jpd171068-g005}

### Depressive-like behavior {#sec0100}

LPS had the strongest effect on immobility (behavioral despair) out of the three measures in the FST. There was a significant interaction between the LPS and exendin-4 treatments (F~(1,38)~ = 5.33, *p* \< 0.05, two-way ANOVA). LPS treated animals showed increased immobility (14.25±10.85 events, mean±SD) compared to vehicle treated rats (3.09±3.89, *p* \< 0.01), whereas this effect was not present in the exendin-4 treated rats (6.33±6.34), [Fig. 6(A)](#jpd-7-jpd171068-g006){ref-type="fig"}.

![The forced swim test. (A) Periods of 5 secs the rats spent immobile. There was a significant LPS×Exendin-4 interaction (two-way ANOVA, F~(1,38)~ = 5.33, *p* \< 0.05). LPS significantly increased the time spent immobile (induced behavioral despair) in animals without exendin-4 treatment (simple effect analysis, *p* \< 0.01) but this effect was not present in the exendin-4 treated rats (NS). (B) The number of counts the rats spent climbing (vertical movements). There was no effect of either LPS or exendin-4 on climbing behavior (two-way ANOVA, NS). (C) The number of periods the rats spent swimming (horizontal movements). LPS treatment decreased the counted periods of swimming, (two-way ANOVA, F~(1,38)~ = 10.03, *p* = 0.003). Bars represent the mean±SEM, ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01.](jpd-7-jpd171068-g006){#jpd-7-jpd171068-g006}

There were no significant differences in climbing between the experimental groups ([Fig. 6(B)](#jpd-7-jpd171068-g006){ref-type="fig"}), however LPS-treated animals (LPS and LPS + Ex4) spent significantly less time swimming (horizontal movements), (F~(1,38)~ = 10.03, *p* \< 0.01, two-way ANOVA), [Fig. 6(C)](#jpd-7-jpd171068-g006){ref-type="fig"}. These results demonstrate that exendin-4 has anti-depressant-like properties, preventing despair in this model of inflammation-induced depression.

Effects on monoamines {#sec0105}
---------------------

Exendin-4 treatment did not significantly alter the levels of the monoamines or their metabolites in the striatum or pre-frontal cortex (two-way ANOVAs, NS). However, there was a trend towards an increasing effect of exendin-4 on the striatal dopamine levels (two-way ANOVA, F~(1,37)~ = 5.46, *p* = 0.059) and towards a lower DOPAC/DA ratio in striatum (two-way ANOVA, *p* = 0.10). The levels of the dopamine, serotonin and their metabolites in striatum and pre-frontal cortex of the rats in the four experimental groups are shown in [Table 1](#jpd-7-jpd171068-t001){ref-type="table"}.

As expected, LPS had an effect on the monoamine metabolism (two-way ANOVAs). The HVA/DA and the DOPAC/DA ratios were both increased in the pre-frontal cortex of LPS treated animals; in the striatum the HVA/DA ratio was increased ([Table 1](#jpd-7-jpd171068-t001){ref-type="table"}).

The DOPAC/DA ratio in the striatum of the LPS-treated animals (with and without exendin-4) was significantly associated with both floating (Spearman's rho = 0.6, *p* \< 0.05, *n* = 17) and climbing (rho = --0.7, *p* \< 0.01, *n* = 17), [Fig. 7(A) and (B)](#jpd-7-jpd171068-g007){ref-type="fig"}. Hence, lower dopamine turnover resulted in less depressive-like behavior.

![(A) Association between dopamine turnover in striatum of LPS treated animals and immobility (Spearman's rho = 0.6, *p* \< 0.05, *n* = 17) and (B) climbing (rho = -- 0.7, *p* \< 0.01, *n* = 17) in the forced swim test.](jpd-7-jpd171068-g007){#jpd-7-jpd171068-g007}

DISCUSSION {#sec0110}
==========

We did not detect any anti-inflammatory effect of exendin-4 in the periphery or CNS of LPS-treated rats. In addition, exendin-4 was not anti-inflammatory of on cultured primary LPS-stimulated microglia cells from adult rats. Similarly, exendin-4 did not affect sickness behavior in rats, a behavior that is thought to mainly result from the actions of pro-inflammatory cytokines \[[@ref038]\]. By contrast, we found that exendin-4 prevents LPS-induced depressive-like symptoms, known to occur at about 24 hours after a peripheral immune challenge. However, the effect was not mediated through modulation of neuroinflammation as we had hypothesized. Instead we found that an increased dopamine turnover in striatum was significantly associated with increased immobility and less climbing in the FST, e.g. with more pronounced depressive-like symptoms. Indeed, the treatment with exendin-4 had a near-significant increasing effect on the dopamine levels in the striatum of the animals.

Exendin-4 has previously been suggested to exert anti-inflammatory effects in Type II diabetes \[[@ref039]\] and experimental PD models. Specifically, exendin-4 has been shown to inhibit MPTP-induced microglial activation and suppress the increase of TNF-α and IL-1β mRNA in the substantia nigra \[[@ref013]\]. Exendin-4 has also been shown to reduce depressive-like behavior in a model of PD, where mechanisms were not detailed \[[@ref040]\]. In a brain injury model, exendin-4 was protective, but the effects on neuroinflammation were less clear. There was no effect on the levels of pro-inflammatory cytokines, although markers of wound-healing reparative microglia (M2 phenotype) were upregulated \[[@ref041]\]. No previous study has specifically defined the anti-inflammatory actions of exendin-4 in the CNS in a paradigm that lacks neurodegeneration. Thus, prior studies have focused on e.g. stroke models or toxin-induced PD models.

Here, we explored for the first time if exendin-4 could alleviate inflammation-induced depressive-like behavior in rats treated with peripheral LPS injections. The LPS injections induced the expected acute transient inflammatory response, including sickness behavior. At 24 hours post injection, there was an increased IL-1β mRNA expression in the prefrontal cortex, striatum and hippocampus; this was the time-point when the animals also exhibited depressive-like behavior in the FST \[[@ref031]\]. We could not, however, detect any effects of the exendin-4 treatment on the cytokine levels, either in serum, CSF or mRNA expression in the brain. It should be noted that our study has only tested one dosage regimen of exendin-4, and different effects might be observed in more chronic treatment models. However, also when we cultured primary microglia cells and treated them with LPS to induce cytokine production, there were no effects of exendin-4 on IL-1β or TNF-α production even though we used similar experimental conditions as previous macrophage cell cultures \[[@ref043]\]. These *in-vitro* results indicate that exendin-4 does not have a direct anti-inflammatory effect on rodent microglia cells. Altogether, our results do not indicate that the effects of exendin-4 on behavioral despair were due to a reduction in neuroinflammation. In fact, all LPS-treated animals (LPS and LPS + exendin-4) displayed similar weight loss and showed the same amount of sickness behavior. Instead, our results indicated that the anti-depressive effects of exendin-4 might be associated with changes in dopamine production or metabolism in the striatum.

Several prior studies have shown that exendin-4 can affect striatal dopamine neurotransmission, mostly in toxin-induced PD models \[[@ref008]\]. Exendin-4 has also been shown to increase the release of dopamine \[[@ref044]\]. Interestingly, activation of the GLP-1 receptor by exendin-4 increases the synthesis of intracellular cAMP \[[@ref045]\]; and elevated levels of cAMP increases the expression and activity of tyrosine hydroxylase \[[@ref046]\], the rate limiting enzyme in the synthesis of dopamine, which could be the underlying mechanism of action \[[@ref008]\]. Peripheral LPS injections in rodents are known to increase the turnover (metabolite/monoamine ratio) of serotonin and dopamine in multiple structures in the brain \[[@ref047]\]. In agreement with this, we found that, at least 24 hours after last LPS injection, LPS-treated animals (LPS and LPS + exendin-4) had increased levels of HVA in striatum, suggestive of increased dopamine metabolism. Dopamine activity in the dorsal striatum has been linked to goal-directed behavior \[[@ref049]\] and incentive motivation \[[@ref050]\] in rodents. Furthermore, depressive-like behavior has been associated with changes in striatal dopamine neurochemistry in various PD models \[[@ref051]\]. In our study, the rats receiving exendin-4 treatment exhibited a trend towards higher striatal dopamine and lower DOPAC/DA ratio, suggestive of a reduced dopamine turnover. The DOPAC/DA ratio in striatum correlated with immobility, a sign of behavioral despair, in LPS treated rats. In other words, rats with a high ratio exhibited more immobility. This indicates that exendin-4 might exert anti-depressive effects at least in part by affecting the dopamine system. Although our results suggest that the effects of exendin-4 on behavioral despair might be coupled to changes in striatal dopamine signaling, additional mechanisms that we did not explore might also be involved. For example, a recent study examined the effects of exendin-4 on behavioral despair under baseline conditions (no lesion or challenge), and found that the treatment affected serotonergic signaling in the amygdala \[[@ref053]\].

In conclusion, we have shown that exendin-4 prevents LPS-induced behavioral despair by attenuating immobility in the FST. This behavioral effect occurred independently of inflammatory changes in the CNS or periphery, but was associated with alterations in dopamine metabolism. In light of ongoing trials with exendin-4 in PD, further studies detailing the effects of exendin-4 on the changes in striatal dopamine metabolism are highly warranted.
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